A "rnicro-electrospray" ionization source has been developed that markedly increases the sensitivity of the conventional electrospray source. This was achieved by optimization of the source to accommodate nanoliter flow rates from 300 to BOO-nL/minspraying directly from a capillary needle that, for the analysis of peptides, contained CI8 liquid chromatography packing as an integrated concentration-desalting device. 'Thus, a total of 1 fmol of methionine enkephalin was desorbed from the capillary column spray needle, loaded as a lO-JLL injection of 100-amoljJLL solution. 'The mass spectrum showed the [M + H]+ ion at m/z 574.2 with a signal-to-noise ratio of better than 5:1 from a chromatographic peak with a width of about 12 s. A narrow range (IS-u) tandem mass spectrum was obtained for methionine enkephalin from the injection of 500 amol, and a full-scan tandem-mass spectrum was obtained from 50 fmol. For proteins, the average mass measurement accuracy was approximately 100-200 ppm for the injection of 2.5 fmol of apomyoglobin and 20-40 ppm for 200 fmol. Carbonic anhydrase B and bovine serum albumin showed similar mass measurement accuracies. (J Am Soc Mass Spectrom 1994, 5, 605-613) E lectrospray (ES) ionization mass spectrometry is becoming widely used for the analysis of biological molecules, especially pep tides and proteins [1, 2] . It is a continuous-flow ionization device that has the capability to accurately measure the masses of large proteins as well as small peptides and other organic molecules. ES can also operate under variable solvent conditions, which allows it to be used as an interface for coupling separation techniques such as liquid chromatography (LC) to the mass spectrometer. Reverse-phase LC can also be used effectively to desalt [3] and concentrate a sample prior to its introduction into the mass spectrometer-steps that are sometimes essential to the success of an ES analysis.
A "rnicro-electrospray" ionization source has been developed that markedly increases the sensitivity of the conventional electrospray source. This was achieved by optimization of the source to accommodate nanoliter flow rates from 300 to BOO-nL/minspraying directly from a capillary needle that, for the analysis of peptides, contained CI8 liquid chromatography packing as an integrated concentration-desalting device. 'Thus, a total of 1 fmol of methionine enkephalin was desorbed from the capillary column spray needle, loaded as a lO-JLL injection of 100-amoljJLL solution. ' The mass spectrum showed the [M + H]+ ion at m/z 574.2 with a signal-to-noise ratio of better than 5:1 from a chromatographic peak with a width of about 12 s. A narrow range (IS-u) tandem mass spectrum was obtained for methionine enkephalin from the injection of 500 amol, and a full-scan tandem-mass spectrum was obtained from 50 fmol. For proteins, the average mass measurement accuracy was approximately 100-200 ppm for the injection of 2.5 fmol of apomyoglobin and 20-40 ppm for 200 fmol. Carbonic anhydrase B and bovine serum albumin showed similar mass measurement accuracies. (J Am Soc Mass Spectrom 1994, 5, 605-613) E lectrospray (ES) ionization mass spectrometry is becoming widely used for the analysis of biological molecules, especially pep tides and proteins [1, 2] . It is a continuous-flow ionization device that has the capability to accurately measure the masses of large proteins as well as small peptides and other organic molecules. ES can also operate under variable solvent conditions, which allows it to be used as an interface for coupling separation techniques such as liquid chromatography (LC) to the mass spectrometer. Reverse-phase LC can also be used effectively to desalt [3] and concentrate a sample prior to its introduction into the mass spectrometer-steps that are sometimes essential to the success of an ES analysis.
Some of the most challenging applications of modern analytical technology in biological research requires the analysis of compounds such as endogenous metabolites and hormones at low femtomole concentrations and in small (microliter) volumes of solutions that contain relatively high salt concentrations. Mass spectrometry can be used with such samples and can provide analytical capabilities at the molecular level with high mass measurement accuracy. The specificity of mass spectrometry is even further enhanced in the tandem mass spectrometry mode. Applications in the neurosciences for monitoring physiologically active substances such as neuropeptides is one area where mass spectrometry has proven to be essential. 'The majority of neuropeptide release studies have been performed by radioimmunoassay (RIA) or radioreceptorassay (RRA), which have the needed sensitivity, but lack specificity due to antibody cross-reactivity [4, 5] . Mass spectrometry previously has been used to identify neuropeptides isolated from pooled brain tissues [6] . After extensive chromatographic purification procedures, samples were analyzed by fast-atom bombardment tandem mass spectrometry with a detection sensitivity of approximately 50 pmol. Previous constant-infusion ES analysis of proteins in this and other laboratories [7] resulted in sensitivities in the range of 200 fmoljJLL to 1 pmoljJLL. ES ionization coupled to either LC or capillary zone electrophoresis (CZE) has greatly increased sensitivity for both peptides and proteins [8] [9] [10] . Previously reported detection limits for pep tides from LC-ES procedures are typically in the 100-500-fmol range, which is in agreement with our initial measurements. CZE-ES results show attomole sensitivity [10] for the total amount of analyte loaded, although because of low load volumes, sample solutions had to be of relatively high concentration (picomoles per microliter). However, biological extracellular concentrations of neurosubstances are 4 to 6 orders of magnitude lower at the low attomole per microliter level.
J Am Soc Mass Speclrom 1994, 5, 605-613 In this article, we describe a micro-ES source that operates with nanoliter flow rates and yields attomole per microliter sensitivity for peptides and low femtomole per microliter sensitivity for proteins in the 70,000 MW range. The sensitivity and mass measurement accuracy is demonstrated with the small peptide methionine enkephalin (M-enk) and the proteins apbmyoglobin, carbonic anhydrase B, and bovine serum albumin. In addition, the coupling of micro-ES with tandem mass spectrometry is demonstrated. When necessary, desalting and concentration of dilute solutions were accomplished by on-line low flow rate LC methods.
Materials and Methods

Electrospray Mass Spectra
Mass spectra were obtained with a TSQ 70 triplequadrupole mass spectrometer (Finnigan-MAT, San Jose, CA) with a 20-kV dynode and software updated to TSQ 700 status. The pumping system was the original configuration that consisted of two Balzers (Balzers, Hudson, NH) TPH 330 turbomolecular pumps with the addition of a 590-L/min TriVac (LeyboldHeraeus, Export, PA) D25B rotary vane rough pump. An ES source (PerSeptive Biosysterns, Vestee Products, Houston, TX) was used and modified as described below and as shown in Figure 1 . The ES source also had its own two-stage pumping system that consisted of two 323-L/min Balzers UNO-016B rotary vane pumps. To reduce the volume of liquid flowing into the source, a small inner diameter capillary needle similar to that previously reported [11] [12] [13] [14] [15] was used. Needles were constructed from fused-silica capillary tubing (Polymicro Technologies, Phoenix, AZ) with inner diameters ranging from 5 to 250 /.Lm. The polyimide coating was burned away from the tip (approximately 0.5 em) and the tip was then lowered into a 49% solution of hydrofluoric acid (HF) while distilled H 2 0 was pumped through the capillary at 500 nl.yrnin [11] . The progress of the etching was monitored with a microscope until a tapered needlelike tip was obtained. The tip was then carefully ground by hand to a flat end by using the flat side of a ceramic cutting stone. For preconcentration and desalting of peptide samples, unetched capillary needles were packed with reverse-phase C-18 (l0-/.Lm) particles as described below. The "needle" end of the capillary was supported by a PEEK (polyether ether ketone) sleeve that was secured in the probe tip by a hard rubber support. The opposite end of the needle was attached to a stainless-steel zero dead-volume fitting with a 0.5-mm through-hole. High voltage was applied to the spray needle through the solvent at this union. ' " switching valve and/or syringe pump. Another modification involved replacement of the original conical nozzle with a O.4-mm through-hole flat nozzle (see Figure 1 ). Voltages on the nozzle averaged between 200 and 250 V and the repeller voltage was set to 10 V. Tandem mass spectra were produced by using argon gas in the collision cell at a pressure of 1.6 mtorr.
Samples were introduced into the source by constant infusion or direct injection via a valve-loop system. Constant infusions were made by loading the sample (dissolved in 50% methanol-0.25% acetic acid) into a 250-p.L gas-tight Hamilton syringe. The sample was presented to the source at a rate of 0. The original ES source did not employ counterflowing gas to help desolvate the sample, but did allow ambient air to aid in drawing the ions through the converging nozzle en route to the analyzer [16, 17] . However, we found that in our environment this arrangement produced relatively high background signals, which were often sufficient to mask the signal of interest in high-sensitivity applications. This deficiency was remedied by making the probe gas tight and supplying ultra-pure dry N 2 at 970 mL/min (-1 atm), When LC mass spectrometry methods were required for desalting or sample preconcentration, fused-silica capillaries with 50-JLm i.d. and 220-p.m o.d. were packed as previously described [18, 19] with the following modification. The capillary was cut into a 30-cm length, washed with 2-propanol, and dried with a stream of helium. Then the polyimide coating was burned away with a butane lighter (-0.5 em) and the end of the capillary was tapped lightly into a vial containing a small amount of 5-JLm spherical silica (SlL 120A-S5, YMC Corp., Morris Plains, NJ). The amount of silica (-100-200 nM in length) pressed into the capillary was monitored with a stereoscope. The silica frit was sintered in place with a butane microtorch. The tip of the capillary was then ground by hand to a perpendicular flat end with the flat side of a ceramic cutting stone. The grinding process was monitored under a stereoscope. For the preparation of capillary column needles, etching was not done because of the difficulty of maintaining the frit after etching. To prepare packed needles, a slurry of 20-mgyrnl, C18 (lO-JLm spherical CIS particles, OD5-AQ 120A 510, YMC Corp., Morris Plains, NJ) in 100% methanol was prepared. The slurry was then poured into a brass packing bomb that contained a 1.9-cm-deep 1.5-cm-diameter reservoir. A Teflon-coated stir flea kept the slurry uniform. Two high-performance liquid chromatography (HPLC) fittings that protrude from the top of the bomb allow the connection of an HPLC pump (130A, Applied Biosystems Inc., Foster City, CA) on the inlet side and the column to be packed on the outlet side. The HPLC pump was used to pump 100% methanol into the packing bomb. A microscope was used to monitor the packing of the column. The column was packed slowly until a bed volume of 40 nL was obtained (2 cm in length). The column was disconnected from the packing bomb, directly pressurized with 100% methanol to -3500 Ib/in.2, and then flushed with and stored in 30% methanol until used.
Reagents
All reagents were reagent grade or better. All peptides and proteins were from Sigma Chemical Co. (St. Louis, MO) or Peninsula Laboratories (Belmont, CA). Proteins used were apomyoglobin from horse skeletal muscle, carbonic anhydrase B from human erythrocytes, and albumin from bovine serum.
Results
Optimization of Micro-Eleetrospray
For optimization of spray conditions, several capillary needles of various internal diameters were etched with HF to form tapered needles. These needles were tested with a constant infusion of 100 fmoljJLL M-enk in 50% methanol that contained 0.25% acetic acid to optimize source voltages and flow rates at levels needed to maintain a steady spray. To measure the detection level of the source with each needle, a constant infusion of 10 fmolj JLL M-enk solution in 50% methanol-0.25% acetic acid was used. The results of these experiments, given in Table 1 , show that as the inner diameter of the capillary needle increases, the flow rate increases and the minimum high voltage needed to establish a steady spray decreases. A stable spray could not be routinely established for 5-and 10-JLm-Ld. capillaries, although they produced acceptable spray conditions intermittently. The outerdiameter of the capillary did not significantly affect the spray stability because each capillary had been etched to its minimal possible outer diameter (wall thicknesses were -10-20 JLmat the tip). The sensitivity [i.e., the amount of peptide needed to provide a spectrum with a signalto-noise ratio (S/N) of 2.5 or better] increased as the inner diameter decreased and is a consequence of the decrease in flow rate with smaller inner diameter needles and consumption of less sample. For the experiments described below, we chose to work with needles that had a 50-JLm inner diameter because of their high sensitivity, low flow rate capability, and relative ease of use (capillaries with inner diameters of less than 20 JLm were too susceptible to dogging by minute particulate matter to be of routine utility).
The replacement of ambient air with ultra-pure N 2 as the flow-through gas in the ES probe had a dramatic J Am Soc Mass Spectrom 1994, 5, 605-613 effect on SIN measurements at low analyte levels. Figure 2 shows spectra from a constant infusion of lOO-fmol/ fLL M-enk in 50% methanol that contained 0.25% acetic acid at a flow rate of 820 nl.yrnin. The spectra were obtained with room air and prepurified N 2 via a 50-Mm i.d, and 220-Mm o.d. capillary needle.
Because background is high with room air, rn/z 574, [(M + H)+ of M-enkl is barely discernible in the back-
Flow-Injection Analysis of Peptides
One of the most useful modes of operation for trace analysis of pep tides and proteins is the direct injection of small volumes of analyte into a carrier solvent that continuously flows into the ES source. To provide preconcentration and desalting procedures, we have integrated LC capability into the micro-ES source. This was done by packing the needle with 10-fLm C-18 particles to give an -2-cm-Iong column at the tip of the spray needle. By spraying from the end of the column itself, all postcolumn dead volumes were eliminated. Performance of the integrated LC-ES source was tested on several peptides, including M-enk, oxytocin, neurotensin, and substance P. Figure 3a shows the spectrum of a total of 50 fmol of M-enk (28.75 pg) in Ringer's solution (5-mM KCI, 120-mM NaCl, l.2-mM MgCl z , l.8-mM CaCI 2 , 0.15% phosphate buffered saline, pH 7.4) in a total volume of 10 fLL. Figure 3b illustrates the current limit of detection of the technique for M-enk, that is, a total of 1 fmol of M-enk (570 fg) in 10 fLL (l00 amoljfLL or 57 fg/ fLL) was loaded onto the column. M-enk was eluted with 50% methanol~O.25% acetic acid to give a peak width of approximately 12 s. The signal intensity was linear between 1 and 200 fmol of M-enk with a linear coefficient of 0.995. Similar results were obtained for the other pep tides analyzed, and we have taken M-enk to be representative. For example, neurotensin was more sensitive ( < 30-amol detection limit) than M-enk, and oxytocin and substance P were slightly less sensitive.
The performance of the micro-ES source was also tested in the tandem mass spectrometry mode. Figure  4 shows the tandem mass product ion spectrum proground signal. In contrast, the spectrum obtained by using prepurified dry N 2 shows an approximately 50-fold decreased background signal and a SIN of about duced from the injection of a total of 50 fmol (28.5 pg) of M-enk followed by elution from the capillary column. The spectrum shows strong product ions of rn/z 278, 297, 397, and 425 that correspond to fragments B 3 , y;;, A 4 , and B 4 , respectively [6, 20] . When the ni/« 397 product ion was recorded over a 15-u range in the tandem mass spectrometry experiment, detection below 500 amol could be achieved for M-enk. Figure 5 shows the product ion spectrum for m/z 397 obtained from a total of 500 amol of M-enk eluted from a capillary column (10 I-(.L of a 50-amoljI-(.L solution of M-enk was loaded on the column). The peak at rn/z 402 is derived from the background.
Analysis of Proteins
Apomyoglobin, carbonic anhydrase, and bovine serum albumin were used to test the performance of the micro-ES source with protein samples. For apomyoglobin, both the constant-infusion and direct-injection techniques were used to determine detection limits, whereas for carbonic anhydrase and serum albumin, only direct injection data are presented. The authors prefer to use the direct-injection method, although it is not as sensitive as constant infusion, because it allows discrete amounts of sample to be used and provides a situation more closely related to routine protein analyses. For apomyoglobin, spectra were acquired for the injection of 2. Figure 8b with a measured molecular weight of 66,433.3 for the major species. The albumin sample was not prepurified and was found to be a mixture of several protein species as seen in the deconvoluted spectrum. In both cases, reasonably accurate molecular weight measurements were obtained on injections of a total of low femtomole amounts of these proteins.
Modifications to the ES source to allow it to operate with solvent flow rates as low as 300 nl.y'rnin also allows the spray needle to be positioned much closer to the nozzle than in the conventional source. The decreased distance and low flow rate give a spray pattern of narrow dispersion, which allows more analyte to be drawn into the analyzer with less solvent. 
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The addition of the dry prepurified N 2 significantly decreased the background when the flat nozzle was used. The effect of the dry prepurified N 2 appeared to be most effective under conditions of high humidity. The increase in sensitivity occurs both with pep tides and proteins, and allows measurements on a few femtomoles of compound. Although a quadrupole analyzer was used in the present work, note that the characteristics of the micro-ES source would be advantageous for interfacing electrospray with a high voltage magnetic sector instrument. Low analyte concentrations coupled with low solvent flow rates greatly decrease source contamination and high voltage electrical discharge under normal (low salt) conditions.
Integrating micro-ES with reverse-phase C18 capillary technology facilitates desalting and preconcentration of samples. The elution solvent (50% methanol-0.25% acetic acid) for peptides is also ideal for electrospray conditions, and by using the LC packing in the needle, post-column dead volumes are eliminated. The preconcentration-desaIting capability also confers the practical advantage of allowing the source to handle quite dilute solutions. Thus, a 50-amoljJLL 
